Adrenal and gonadal mitochondrial metabolic activity requires electrons from cofactors, cholesterol, and a substrate for rapid steroid synthesis, an essential requirement for mammalian survival. Substrate activity depends on its environment, which is regulated by chaperones and mitochondrial translocases. Cytochrome P450 side-chain cleavage enzyme (SCC or CYP11A1) catalyzes cholesterol to pregnenolone conversion, although its mechanism of action is not well understood. We find that SCC is directly imported into the mitochondrial matrix, where its N-terminal sequence is cleaved sequentially, after which it becomes activated following the second cleavage, which is dependent on the folding of the protein. Following integration of the SCC C terminus into the TIM23 complex, amino acids 141 to 146 interact with the intermembrane-exposed Tim50 protein, forming a large complex. The absence of Tim50 or its mutation reduced enzymatic activity. For the first time, we report that a protein activated at the matrix remains mostly unfolded and is transported back to the IMS to integrate with the TIM23 translocase complex and align with the Tim50 protein. Amino acid changes that suppress the association of Tim50 with SCC ablate metabolic activity. Thus, the TIM23 complex is the central regulator of metabolism guided by Tim50. FIG 1 Steroid synthesis and analysis following stress. (A) Schematic presentation of cholesterol catalysis in the mitochondria of steroidogenic cells. Cholesterol is stored in lipid droplets as cholesterol ester hydrolase (CEH) in the cytoplasm in the lipid vesicles. Following hydrolysis, free cholesterol is transported into mitochondria and then catalyzed by SCC to pregnenolone, which is immediately catalyzed by 3-beta hydroxysteroid dehydrogenase 2 (3␤HSD2, or 3␤2) to progesterone. (B) Serum corticosterone levels following temperature-induced stress. (C) Expression pattern of SCC in the adrenals and testes at the indicated temperatures. (D) Comparison of levels of progesterone synthesized. (E) TEM analysis of the testicular tissue, where the mitochondria are extremely small. (F) Electron microscopic analysis of the testis following stress (D) and enlarged version of one mitochondrion from panel E. (G and H) Analysis of the hypothalamus (G) and a magnified section of one mitochondrion (H) clearly showing the OMM and IMM as well as cristae. (I and J) Adrenal tissues of animals exposed to stress (I) and unstressed (J) were checked independently; panels on the right are enlarged versions of panels on the left. (K) Analysis of 35 S-SCC mitochondrial import (top) without and with 100 ng/ml proteinase K (PK) digestion, SDS-PAGE (middle), and Western staining with COX IV antibody prior to incubation with PK (bottom). (L) Native gradient PAGE of MA-10 cells stained with a Tim50 antibody without and with PK. The bottom panels show analysis of the same lysate by SDS-PAGE of Tim50 after PK or Western staining with a COX IV antibody prior to PK treatment. (M) Metabolic conversion of [ 14 C]cholesterol to pregnenolone after Tim50 knockdown in MA-10 cells and its quantitative measurement of pregnenolone synthesis. Trilostane (Tril) was added to inhibit progesterone synthesis. (N) Summary of the results in which, in addition to six electrons from cofactors, enzymatic activity requires Tim50 for metabolic activity. Tim50 is an integral component of the SCC complex. (O) Digitonin-solubilized mitochondrial complex from MA-10 cells analyzed in a native gradient PAGE, stained with an SCC antibody without and with 100 ng/ml PK digestion, SDS-PAGE (middle), and expression of COX IV prior to PK treatment (bottom). (P) 35 S-SCC imported mitochondria isolated from ΔVDAC2 and ΔTim50 MA-10 cells, solubilized with digitonin, and analyzed in a native gradient PAGE. The bottom panel is the expression of GAPDH of the same samples. (Q) Co-IP with the indicated antibodies, followed by Western blotting with an SCC antibody. The bottom panel shows the staining with Tim50 and VDAC2 antibodies independently. (R) Antibody shift experiment after incubation of the indicated antibodies with digitonin-solubilized mitochondrial fractions isolated from rat testes, followed by native gradient PAGE and staining with a Tim50 antibody. The bottom panels are the same reaction stained with VDAC2 and SCC antibodies independently. EM scales are 1.0 m (E, G, I, and J) and 0.2 m (F and G). The data presented in panels B to D and M are the means Ϯ standard errors of the means (SEM) from three independent experiments performed at three different times.
C ellular metabolism is closely regulated and compartmentalized within distinct subcellular organelles, where mitochondria and the endoplasmic reticulum (ER) play crucial roles in metabolism, as organelle structure and function are dynamically regulated by the intracellular environment. Cells can also respond to stress in a way specific to individual organelles. Specifically, the ER stress response or the unfolded protein response (UPR) is activated in response to mild or short-term stress triggers, inducing the expression of genes involved in the maintenance of ER or mitochondrial function (1) . Impaired stress response arises from defects in the adrenal gland, resulting in altered metabolism possibly due to suborganelle disruption (1) . The dynamic and complex membranous structures allow the formation of contact sites with other organelles and structures, where contact with mitochondria forms mitochondrionassociated membranes (MAM) that physically interact with the ER for mitochondrial metabolic action (2) .
The molecular basis of mitochondrial redistribution depends on protein-folding steps in the cytoplasm, as the rapid burst of directed movements is interrupted by pauses in variable motion depending on the cytoplasmic environment (3) . The final destination of a protein in the cell is determined by specific sequence elements within the precursor form that are referred to as signal sequences or targeting signals, where mitochondrial precursor proteins are imported posttranslationally. To this end, precursor proteins must be kept in an unfolded or loosely folded conformation to allow their passage through tightly gated membrane pores (4) .
Mitochondrial protein import and sorting are mediated by membrane protein assemblies, called translocases. Precursor proteins with amino-terminal presequences transition from the translocase of the outer membrane (TOM) complex to the translocase of the inner membrane 23 (TIM23) complex, in which the amino-terminal portion of the preprotein is inserted into the TIM23 complex, whereas the carboxy-terminal domain remains inside the TOM complex (4) . The membrane-embedded core of the TIM23 complex is composed of three subunits, where Tim50 induces the closing of the TIM23 protein-conducting channel (5) . Tim50 exposes a large domain to the intermembrane space (IMS), which is in close proximity to the TOM complex, and, together with the amino-terminal IMS domain of TIM23, constitutes the receptor domain of the TIM23 machinery (6) (7) (8) (9) (10) (11) . Tim50 has two distinct binding sites for partially unfolded proteins in the conserved core domain and in the carboxy-terminal domain (10, 12) , where it interacts with proteins directly or through the IMS-resident proteins, such as 3-betahydroxysteroid dehydrogenase type 2 (3␤HSD2) (13) , in specific cells to regulate metabolism. Because of its larger size and capacity to interact with the TIM23 complex, Tim50 has the potential to serve multiple biological functions, such as the gatekeeper for mitochondrial metabolic activity.
In adrenal and gonadal tissues, cholesterol side-chain cleavage enzyme (CYP11A1 or P450scc; here referred to as SCC) catalyzes the conversion of cholesterol to pregnenolone, the precursor of all steroids (Fig. 1A) . In the case of adrenal and gonadal cells, the molecular mechanism of mitochondrial complex formation and electron transport to initiate and maintain steroid metabolic activity has remained unclear. The 3-dimensional structure proposed a complex association of adrenodoxin (AdX), adrenodoxin reductase (AdR), and SCC at ratios of either 1:1:1 or 1:2:1 (14) . Adx sequentially transports one electron at a time from AdR to SCC (15, 16) , where both the complex and shuttle models assume that interactions are mainly electrostatic (17) . An independent linker between proteins may bind to the same site on the proximal surface of CYP11A1 (17) and, thus, facilitate the conformation necessary to be active (17) . Furthermore, comparison of the SCC-Adx complex with the AdR-Adx complex showed that the interaction interface with AdR and SCC greatly overlaps (18) . However, the SCC proximal surface can accommodate only one molecule of Adx, and the electron transfer properties of the Adx-SCC fusion proteins suggest that formation of the quaternary SCC complex with Adx is also unlikely. Thus, the reason for SCC flexibility and how it shuttles at the inner mitochondrial membrane (IMM) while remaining integrated at the IMM is unclear. The structure also failed to identify the location and type of ligand, suggesting that the stoichiometry of the SCC complex is dependent on another neighboring protein which is either associated with the IMM or present at the IMS.
On the mitochondrial surface, Tom22 or Tom20 directs precursor import through the pore-forming subunit, Tom40 (4) . After emerging from the Tom40 channel, presequence-containing precursors engage with the presequence translocase of the inner membrane or reach the matrix directly as a permanent resident or are integrated into the membrane. Thus, the activity of the inner membrane translocase is tightly regulated by targeting signals in an undefined manner. For the first time, we show that mitochondrial metabolic activity is dependent on more than one protein, where Tim50 and SCC are equally important, and depends on the specific unfolding conformation necessary for SCC. Following mitochondrial import of SCC, the N terminus is first cleaved rapidly and then slowly cleaved a second time. The unfolded protein is transported to the IMS, where the C terminus is inserted into the TIM23 complex, resulting in a significantly unfolded protein to interact and associate with Tim50 for metabolic activity. Although previous studies have proposed the existence of an SCC ligand (17), it has never been identified. These data now confirm that Tim50 is the active ligand, acting as a receptor for SCC metabolic activity. Therefore, Tim50 regulates not only the import and residency of mitochondrial proteins and steroidogenic enzymes but also the complete network that drives metabolic activity in all mammalian cells.
RESULTS
ER stress is transferred to mitochondria to initiate metabolic activity. Stress increases adrenocorticotropic hormone (ACTH) secretion at the ER, inducing rapid folding of master chaperone glucose regulatory protein 78 (GRP78) for MAM protein translocation to the mitochondria (19, 20) . Similarly, SCC catalytic activity increased with stress through the ER-resident steroidogenic factor 1 (SF1) (21) . SF1 is a key regulator of adrenal and testicular steroidogenic genes, such as StAR, hydroxysteroid dehydrogenase genes, and different cytochrome P450 enzymes (22), but not the steroidogenic genes in brain, placenta, and gut (23) . To understand the mechanism by which stress affects the metabolic activity of steroidogenic tissues, we analyzed serum corticosterone in animals following temperature-induced stress for 2 h. In mice exposed to 4°C and 10°C, corticosterone concentration increased to 2.2 ng/ml and was 1.4 ng/ml at 26°C; the concentration also increased to 1.7 ng/ml at 32°C (P value of 0.0000581) ( Fig. 1B ). Adrenals and testes (ovary for female) are the most steroidogenic tissues in all mammals (14) . Western blotting shows a higher SCC expression at lower temperatures in testicular tissues than adrenals (Fig. 1C ) without inducing any significant change in other mitochondrial or ER-resident protein expression (see Fig. S1A and B in the supplemental material), suggesting that any change in temperature above or below 26°C increases corticosterone synthesis and SCC expression. In addition, an almost 2-fold increase in progesterone activity was observed from the mitochondria isolated from testes compared to the adrenal tissues ( Fig. 1D and Fig. S2A and B ). Because increased stress may affect organelle structure, transmission electron microscope (TEM) analysis was undertaken, which showed that stressed ( Fig. 1E ) or unstressed tissue ( Fig.  1F ) had no change in mitochondrial architecture of the testes, adrenals, and hypothalamic tissue ( Fig. 1G ), as seen in an enlarged mitochondrion ( Fig. 1H ). To confirm that stress did not change adrenal mitochondrial architecture, we also checked TEM analysis of unstressed ( Fig. 1I ) and stressed tissue ( Fig. 1J) , where the enlarged mitochondrion of unstressed ( Fig. 1I , right) and stressed ( Fig. 1J , right) tissues were similar, suggesting that increasing metabolic activity did not change organelle structure.
SCC is associated with Tim50 to initiate metabolic activity. Mitochondrial import and sorting is a complex process which requires translocases for import and processing to appropriate mitochondrial compartments (4) . Similarly, SCC activity requires participation of multiple mitochondrial proteins ( Fig. 1A) . To identify proteins associated with the SCC complex, we synthesized [ 35 S]SCC in a cell-free rabbit reticulocyte system and imported it into mitochondria isolated from MA-10 cells. The [ 35 S]SCC-imported mitochondrial complex was isolated following solubilization with digitonin and separation through a native gradient-PAGE. A complex of approximately 400 kDa was identified that is significantly resistant to proteolysis with PK ( Fig. 1K ), suggestive of a tightly formed complex. SDS-PAGE analysis without proteolysis and staining with a mitochondrial COX-IV antibody showed the presence of similar amounts of protein in all lanes (Fig. 1K, bottom ). Mass spectrometric analysis shows many proteins associated with the complex (see Table S1 in the supplemental material), including the inner mitochondrial translocase, Tim50. To confirm the accuracy of Tim50-SCC association, we solubilized isolated mitochondria from testicular tissues with digitonin followed by native gradient PAGE and visualization using a Tim50 antibody, which showed a protein complex ( Fig.  1L ) similar in size to the SCC complex ( Fig. 1K ). Mass spectrometric analysis confirmed the presence of Tim50 and SCC as well as other mitochondrial proteins (Table S1 ). The 3-dimensional structure of Tim50 revealed a highly basic ␤-hairpin proximal to an acidic groove, suggesting that SCC formed a complex in the unfolded state (24) .
To understand the role of Tim50 in SCC metabolic activity, we knocked down its expression by short interfering RNA (siRNA) ( Fig. S2C and D) (25) , which did not affect the expression of mitochondrial VDAC2 (Fig. S2C, bottom) . Indeed, ΔTim50 MA-10 cells had significantly reduced metabolic activity ( Fig. S2E) ; no changes were observed with the negative siRNA. Importantly, VDAC2 expression was unchanged in ΔTim50 MA-10 cells (Fig. S2D, bottom) , confirming that Tim50 is directly responsible for the reduced metabolic activity in Leydig MA-10 cells. Quantitative analysis of the metabolic activity showed that ΔTim50 MA-10 cells synthesized 1.2 ng/ml pregnenolone, while 5.4 ng/ml was synthesized with the wild-type (WT) or negative siRNA ( Fig. 1M ). We characterized newly synthesized steroids by gas chromatography-mass spectrometry (GC-MS) ( Fig. S2F and G). Metabolic activity requires two electrons from each cofactor, NADH, AdR, and AdX, and Tim50 may act as a ligand playing a crucial role initiating the activity (Fig. 1N) .
Tim50 is central for interaction with SCC. To identify the mechanism of mitochondrial membrane association of SCC, we isolated mitochondria from testes, solubilized them with digitonin, separated the proteins through native gradient PAGE (3% to 16%), and stained them with an SCC antibody. We again observed a 400-kDa complex ( Fig. 1O ). Liquid chromatography-tandem MS (LC-MS/MS) analysis of the 400-kDa SCC complex showed the presence of VDAC2 and Tim50, suggesting that SCC interacts directly with Tim50 at the IMM. Tim50 is part of the TIM23 complex consisting of a large globular receptor domain in the IMS, where it assembled in a highly dynamic manner through multiple potential interactive sites (26) , forming a complex with SCC. SDS-PAGE analysis of samples without or with PK treatment or staining with COX IV confirmed the same amount of protein present in each reaction (Fig. 1O , bottom). Proteolysis further confirmed that the presence of a chaperone did not affect organelle structure and activity ( Fig. S3A to C).
VDAC2, an outer mitochondrial membrane (OMM)-integrated protein facing the cytoplasm with domains exposed to the IMS (27) , was also detected in the SCC complex. To understand how Tim50 and VDAC2 interact with SCC and possibly regulate its activity while remaining in two different mitochondrial subcompartments, we knocked down the expression of Tim50 and VDAC2 in mouse Leydig (MA-10) cells. Incubation with Tim50 siRNA reduced Tim50 expression without altering VDAC2 expression ( Fig. S3D ). Similarly, VDAC2 siRNA did not affect Tim50 expression ( Fig. S3D ). Neither siRNA altered the expression of matrix resident OMM-associated Tom22 or VDAC2 ( Fig. S3D and E, bottom). Similarly, negative siRNA did not impact Tim50 expression ( Fig. S3F ), confirming VDAC2 and Tim50 expression are independent of one another ( Fig. S3D and E). To understand the requirement of Tim50 for SCC association, we analyzed [ 35 S]SCC import into mitochondria of ΔVDAC2 and ΔTim50 MA-10 cells. No complex was detected with ΔTim50 cells ( Fig. 1P ), suggesting Tim50 is essential for SCC complex formation. The expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was unchanged in the absence of either protein in the complex (Fig. 1P , bottom). Mass spectrometric analysis of the complex in ΔVDAC2 cells identified most of the proteins detected in the SCC-containing complex (Table S3 ), suggesting that VDAC2 is not crucial for SCC complex formation because of its minimal exposure at the IMS region. To confirm SCC interaction with Tim50, we performed co-IP analysis with SCC, VDAC2, and Tim50 antibodies independently, which showed that SCC interacted with Tim50 but not with Tim23 ( Fig. 1Q ). Tim23 is a part of the TIM23 complex (28) ; the absence of interaction may be due to masking by the larger Tim50 protein (12) .
To examine Tim50-SCC native-state interaction within cells, we used antibody shift experiments with digitonin-solubilized native complexes, which showed a strong interaction with Tim50 and minimal shifting with Tim23 ( Fig. 1R ), suggesting that SCC interacted directly with Tim50 via exposed sites at the IMS. Tim50 regions at the IMM leave the possibility of a reversible change in conformation due to changes in the Δ from the matrix to the IMM, requiring rearrangements within an assembled TIM23 complex. The weaker shift with the Tim23 antibody indicates an indirect interaction ( Fig. 1R ), likely due to covering of the smaller Tim23 by the larger Tim50 protein (28) . The staining of lysate with VDAC2 and SCC antibodies independently confirmed the presence of an equivalent amount of lysate (Fig. 1R, bottom) . Hence, Tim50 likely brings the complex together, catalyzing the reaction. In the absence of Tim50, the complex is absent, suggesting that Tim50 is central to SCC complex formation. SCC C terminus regulates N-terminal folding. During mitochondrial import, SCC passes through a narrow import channel and then is associated with the mitochondrial translocase, suggesting SCC final localization follows three steps: (i) unfolding, (ii) import and processing, and (iii) complex formation. Sequence analysis through Mito-Fates (29) suggests a cleavage site at amino acid 94, but SignalP 4.1 analysis suggests a cleavage at amino acid 30 (30) , contradicting earlier results of cleavage at the 39th position (14) . N-terminal presequences have an average length of 15 to 55 amino acids with a net positive charge and the propensity to form amphipathic ␣-helices (31, 32) . To understand the SCC mitochondrial import and cleavage mechanism, [ 35 S]SCC was imported into the freshly isolated mitochondria from MA-10 cells, and the imported fragment was separated from the unimported fragment by centrifugation followed by extraction with sodium carbonate, which breaks protein-protein interactions but not lipid-protein interactions. As shown in Fig. 2A , full-length 61-kDa SCC is imported into the mitochondria in two smaller fragments of 57 and 51 kDa, as detected in the pelleted fraction with the supernatant fraction containing unimported protein, suggesting that SCC is processed into mitochondria in two steps for final integration with the membrane. In summary, SCC is a mitochondrial membrane integrated protein.
To understand the mechanism of cleavage that results in two fragments, we next imported [ 35 S]SCC in the presence of different inhibitors, phenylmethylsulfonyl fluoride (PMSF) and orthophenanthroline (OPT), as well as complex stabilizer, EDTA (33) . PMSF inhibits protease activity, and OPT blocks mitochondrial processing activity and inhibits the processing of mitochondrial precursor proteins (34) . Whereas EDTA had no effect, PMSF inhibited the processing of the 57-kDa protein to 51 kDa, and OPT completely inhibited SCC import ( Fig. 2B ), suggesting that the chelators do not interfere with the interaction of the precursors with the receptors (35) . Inhibition by PMSF confirms that the second cleavage step is due to a protease at the matrix. The relatively hydrophobic and uncharged OPT molecule possibly penetrated the membrane (35) and thereby completely blocked SCC import. To confirm that the presence of inhibitor did not ablate import by destroying membrane architecture, we examined import efficiency of the mitochondria following removal of the inhibitors. The result shows complete restoration of protein import with the presence of 57-kDa and 51-kDa bands ( Fig. 2C ), suggesting that the inhibitors did not affect membrane architecture. Tim50 expression was unchanged, as determined by Western staining (Fig. 2C, bottom ). In addition, EDTA and PMSF reduced the metabolic conversion from [ 14 C]cholesterol to [ 14 C]pregnenolone by 50% (from 79 ng/ml to 31 and 35 ng/ml, respectively), and OPT completely inhibited activity to levels similar to that of buffer alone ( Fig. 2D and Fig. S3G ). Importantly, the presence of inhibitors did not affect the expression of mitochondrial proteins (3␤HSD2 or VDAC2) (Fig. S3G, bottom ), suggesting that the complete import of SCC is essential for full activity.
To understand the specificity of SCC folding and contribution of the neighboring amino acids at the N terminus, we next generated a series of mutants in which small aliphatic alanine was replaced with large arginine, hydrophobic isoleucine was replaced with polar charged bulky arginine, or serine was replaced with arginine, as presented in the cartoon ( Fig. 2E , right, G39R/K). All mutants were synthesized in a cell-free system, labeled with [ 35 S]methionine, and analyzed in import assays using mitochondria isolated from MA-10 cells. The cleavage patterns of all mutants were identical to those of WT SCC, with two bands of 57 and 51 kDa, with the exception of mutants at amino acid 39, which yielded one band of 57 kDa ( Fig. 2E, left) . The lethal A268X SCC mutant (36) , in which 50% of the C-terminal amino acids was deleted, was imported into the mitochondria, and its N-terminal sequence was cleaved to a 27-kDa band (Fig.  2F ). However, an internal deletion of amino acids 16 to 59 of SCC resulted in no cleavage ( Fig. 2G ) after import, suggesting that both cleavage bands were generated from the N terminus, possibly through a bipartite mechanism. Interestingly, when we deleted 14 amino acids from the C terminus, only one band of 57 kDa was generated, suggesting that the C-terminal amino acids are necessary for the second cleavage ( Fig.  2H ) and the folding is incomplete in the absence of C-terminal sequence.
To confirm the step-by-step import of SCC into the mitochondria, we directly visualized its localization in testicular cells by TEM in the absence ( Fig. 2I ) and presence ( Fig. 2J ) of an SCC antibody. As shown in Fig. 2J , image 2, SCC is first at the IMS associated with the IMM and gradually processed further ( Fig. 2J , image 3) to the inner side of the mitochondria, close to the IMM side of the matrix, and finally localized in the mitochondria (Fig. 2J , image 4). We also performed compartmental fractionation following import into the isolated mitochondria of MA-10 cells, where SCC was finally localized in the matrix. The [ 35 S]SCC OMM fraction was not resistant to PK, but the mitoplast and IMM fraction was because of its integration at the IMM (Fig. 2K ). We also 2L ). Thus, SCC is gradually processed from the matrix to the IMM. Regulatory mechanism of SCC transport. We analyzed the specificity of precursor folding and import into mitochondria to elucidate the mechanism and possible commonality of principal elements by which SCC is targeted to mitochondria. We first imported SCC at different temperatures, as tightly folded proteins cannot pass through the narrow proteinaceous import channel. The unimported 61-kDa protein is processed to 51 kDa starting at Ն16°C (Fig. 3A) . The absence of 51-kDa protein import at 4 or 10°C is possibly due to rigid lipid vesicle conformation at lower temperatures, which becomes flexible at 16°C. The imported 51-kDa protein is easily proteolyzed at Ն26°C, possibly due to increased matrix protease activity, which increases at 37°C and may be a clearing mechanism from the mitochondria.
We analyzed [ 35 S]SCC import and processing in the presence of various concentrations of mitochondrial processing peptidase (MPP) to understand whether the two processed bands are at the mitochondrial matrix. As shown in Fig. 3B , addition of MPP resulted in two bands of 57 kDa and 51 kDa, which is similar to the proteolysis pattern of mitochondrial import (Fig. 3B, second lane from the left) . A similar cleavage pattern was absent with trypsin, suggesting that SCC was imported into the matrix and then cleaved first to a 57-kDa protein and then to a 51-kDa protein. Quantitative analysis showed no proteolysis with the addition of 0.1 U of MPP, although a 51-kDa band detected with 1.0 U of MPP, further increasing with 5 U of MPP, was similar to that seen with mitochondrial import (Fig. 3C , blue square), confirming that SCC was processed in a two-step process in the matrix (Fig. 3C) .
To determine whether the active form of SCC is the 57-kDa or 51-kDa protein, we next analyzed metabolic activity from 4 to 37°C. Metabolic conversion from pregnenolone to progesterone was observed at 16°C, which is possibly endogenous metabolic activity, and remained almost at the same level to 20°C ( Fig. 3D and Fig. S4A ). The conversion reached its highest level at 26°C and decreased again at 37°C, possibly due to the absence of imported active 51-kDa SCC resulting from faster proteolysis at higher temperature. Quantitative analysis showed that 0.5 to 0.6 ng/ml progesterone was synthesized at 16°C, increasing to 9.2 ng/ml at 26°C and decreasing to 5.3 ng/ml at 37°C (Fig. 3D) . Thus, metabolic conversion is highest at 26°C at 1 h ( Fig. 3E and Fig. S4B ). In summary, these results suggest that the protein is fully activated following the second cleavage.
SCC unfolding is necessary prior to integration. Addition of ATP is not necessary for SCC unfolding and translocation to the inner membrane (37) . To understand whether unfolding is necessary for the second-stage cleavage prior to returning to the IMM, we performed import experiments using [ 35 S]SCC with purified MA-10 mitochondria following external addition of ATP and/or succinate, which facilitates IMS protein unfolding for subsequent import (38) . No processing of SCC to a 51-kDa protein was detected at any concentration of ATP (Fig. 3F ). However, with the addition of succinate, the 51-kDa band was formed ( Fig. 3F) , increasing with greater succinate concentrations. Quantitative analysis of the band intensity showed that addition of 0.1 mM succinate was the lowest concentration inducing SCC cleavage to the 51-kDa band, which is greatest at Ն0.5 mM succinate ( Fig. 3F ), suggesting that SCC unfolding is necessary for cleavage at the second step. Thus, formation of the 51-kDa band is due to unfolding, which increases the accessibility of MPP to become fully active; it also suggested that folding is completed after cleavage to form the 51-kDa protein.
Orientation of SCC with Tim50. SCC gradually shuttles from the matrix to the IMM and, thus, may remain near or associated with Tim50, assuming that the interactions are mainly electrostatic (17) . To understand how closely Tim50 is associated with SCC, we performed three experiments: (i) sucrose density gradient fractionation, (ii) chemical cross-linking, and (iii) coimmunolocalization through TEM. Purification of digitoninlysed mitochondria through a sucrose density gradient showed that SCC and Tim50 appeared to be closely associated after ultracentrifugation for 2 h, both appearing in fractions 5 to 8 ( Fig. 3H and Fig. S5A ). The association was stable, as SCC and Tim50 had overlapping distributions in fractions 7 to 11 after ultracentrifugation for 4 h (Fig. 3I and  Fig. S5B) . Similarly, ultracentrifugation for 4 h showed that Tim23 was present in fractions 7 to 10 and therefore has overlapping distribution with Tim50 ( Fig. 3J and Fig.  S5C ), possibly because steroidogenic proteins are acutely regulated. Tom22 has a long C terminus facing the IMS (20) , which has the possibility of interacting with Tim50. However, density gradient fractionation analysis after 4 h of ultracentrifugation continued to show minimal overlapping with Tim50 ( Fig. 3J and Fig. S5C ), suggesting that only SCC interaction with Tim50 is close. We confirmed the close localization by chemical cross-linking with BS3 followed by coimmunoprecipitation (co-IP) analysis, probing with Tim50 and SCC antibodies independently. The interaction resulted in a band of 100 kDa in SDS-PAGE when the cross-linking reaction was coimmunoprecipitated with Tim50 ( Fig. 3K ) and SCC (Fig. 3L) antibodies. This is due to the cross-linking between 50-kDa Tim50 with the imported 51-kDa SCC. However, no reaction was present with purified IgG, confirming that Tim50 and SCC are closely associated and interacted directly.
To confirm that Tim50 and SCC are colocalized, we directly visualized these proteins in testis by TEM. SCC (Fig. 3M) and Tim50 (Fig. 3N) were both present inside mitochondria. Colocalization analysis showed that Tim50 (Fig. 3O, red arrows, 55-nm probe) and SCC (Fig. 3O , green arrows, 15-nm probe) were physically localized inside the mitochondria at the same position. To confirm the accuracy of our ultrastructural localization experiment, we stained the same tissue with Tom22, an OMM-associated protein, and the IMS resident, 3␤HSD2 (Fig. 3P) , where Tom22 (55-nm probe, black arrows) was mostly localized at the OMM and 3␤HSD2 (15 nm probe, blue arrows) at the IMM. In summary, Tim50 and SCC are colocalized within mitochondria, supporting the sucrose density gradient fractionation and co-IP experiments.
SCC interacts with the TIM23 complex via its C terminus. The 3-dimensional crystal structure of SCC suggests a long-range electrostatic steering for the recognition of the electron donating partner, Adx, as a dipole moment of Adx does not contribute to electrostatic interactions (17) . Thus, we determined the length of the C-terminal amino acids participating in this interaction (Fig. 4A ). Deletion of only five amino acids from the SCC C terminus decreased pregnenolone synthesis by 75%, with further reductions in activity with larger deletions (2.2 versus 7.98 ng/ml, respectively) ( Fig. 4B and Fig. S6A ), suggesting that the C terminus participated in the interactions which were lost, resulting in decreased metabolic activity. Staining with VDAC2 antibody independently showed similar levels of expression, confirming that a similar amount of mitochondrial protein was present in each metabolic reaction (Fig. S6A, bottom) .
Co-IP analysis of the overexpressed deletional mutants also showed an interaction between Tim50 and C-10 SCC but very minimal interaction with C-20 SCC, suggesting that 20 amino acids of the SCC C terminus integrated into the complex (Fig. 4C, top) . A longer exposure confirmed that interaction disappeared after C-20 ( Fig. 4C, middle) . The presence of the same amount of calnexin, 3␤HSD2, and VDAC2 protein was confirmed in each transfection or the flowthrough (Fig. 4C, bottom) . To verify that the C terminus is necessary for SCC interaction with Tim50, we overexpressed the C-terminal SCC truncation mutants in nonsteroidogenic COS-1 cells and performed TEM analysis (13) . Tim50 was localized mostly at the inner side of mitochondria (Fig. 4F) ; overexpressed SCC also showed localization within mitochondria, possibly at the IMM (Fig. 4G ). Colocalization between endogenous Tim50 (55 nm, green arrow) and overexpressed SCC (15 nm, red arrows) probes was detected (Fig. 4H ). Similar analysis between endogenous Tim50 and the C-terminal SCC deletion mutants showed minimal colocalization with the C-20 mutant that disappeared with further deletion (Fig. 4I to K) , confirming that the C terminus of SCC is directly involved in its interaction with the TIM23 complex.
␣-5 of SCC interacts with the Tim50 loop. Tim50 may exert its catalytic effect via the SCC complex in a fashion that reduces the unfavorable entropy of activation associated with an intermolecular reaction. We hypothesize that following insertion of the SCC 20 amino acids from the C terminus in the TIM23 complex, the protein is independently involved in interaction with Tim50, possibly forming an essential component for hydrogen bond formation with a hydroxyl group in the nearest neighbor (32) . We next analyzed the possible sites of interaction between SCC and Tim50, including amino acids 141 to 146 in ␣5 of SCC and S164, L165, A166, T167, and G168 in the loop region of Tim50 (26) . We mutated the small glycine and serine to the bulky charged amino acid arginine, generating the S164R and G168R Tim50 mutants. We also changed the polar threonine to a flexible, small, aliphatic proline, generating T167P and A166L Tim50 mutants. The other two Tim50 mutants, T167P and G168R, may not be fully buried and may have minimal impact on SCC interaction. We next overexpressed these mutants in ΔTim50 MA-10 cells and determined their metabolic activity. The absence of Tim50 reduced metabolic activity by 60% to 70% compared to that of WT cells (1.8 ng/ml versus 7.0 ng/ml, respectively), and the activity was almost restored following transfection with WT Tim50 but not with the mutants (Fig. 5A and Fig. S6C ). Specifically, the T167P and G168R mutants had 25% activity compared to that of the WT, which may be due to reduced interaction with SCC ( Fig. 5A, top) . The mitochondrial protein content was unchanged in the metabolic reaction (Fig. S6C, bottom) , suggesting that the specific region was involved in the interaction with SCC.
To confirm that the reduced metabolic activity is related to altered Tim50-SCC interaction, we performed co-IP analysis with an SCC antibody. Mutants with greater activity, including S164R and G168R, had greater interaction with SCC than L165R and A166L, which were less active (Fig. 5A ). We cannot explain why T167P was slightly more active, although it had minimal SCC interaction. It is possible that the proline residue changed the helical orientation such that it was favorable to the SCC structure, resulting in moderate activity. Taken together, Tim50 interaction with SCC is required for its metabolic activity. Following mitochondrial import of SCC, the N-terminal sequences are cleaved step by step, and a short stretch of amino acids near the C-terminal region is associated with Tim50, which is responsible for the final folded state and activity of SCC. In summary, the C terminus of SCC is integrated into the TIM23 complex, and most of the protein is facing the matrix side of the IMM while remaining associated with Tim50.
DISCUSSION
Metabolic activity in adrenal and gonadal cells requires a continuous clearing process in order to have uninterrupted enzymatic activity to fulfill physiological requirements, especially in an acute state. This is observed in the case of SCC at 37°C, where most of the intermediate and final active forms of 51-kDa SCC are proteolyzed. Because steroids are not stored and the activity is not a reversible process, proteins must be activated to initiate metabolic activity. In the case of SCC, the presequence was proteolytically processed by MPP in a two-step process. The matrix intermediate peptidases remove destabilizing amino acid residues from the N terminus of SCC, resulting in 57-kDa intermediates and subsequently the 51-kDa active protein.
The inner membrane protease (IMP) cleaves preproteins that carry bipartite presequences, such as SCC, which consist of a positively charged N-terminal matrix-targeting signal and a hydrophobic inner membrane-sorting signal, as analyzed through the 3-dimensional crystal structure and computational analysis (10) . Bipartite presequences are first cleaved by MPP to remove the matrix-targeting signal, followed by removal of the sorting signal by IMP that carries its catalytic site on the IMS side of the inner membrane (4) . The processed proteins are then released into the IMS and anchored in the inner membrane by the hydrophobic segment in a mature protein (4) .
Mitochondrial translocases, including Tim50, are essential for the metabolic activity of steroidogenic cells. Mitochondrial protein import experiments ( Fig. 2E) suggest that all of the N-terminal or C-terminal SCC mutants analyzed, as well as a point mutant in the middle of the protein sequence, are processed in a fashion similar to that of WT SCC. Thus, the orientation of the mutants associated with the membrane was similar, but interaction with the neighboring translocase complex was lost because a small section of SCC from amino acids 141 to 146 interacts with amino acids 164 to 168 of Tim50. Because a narrow region of Tim50 interacts with a helical region of SCC, minor changes in amino acid composition may reduce translocase interaction with SCC and, thus, the electron transport system. As a result, electron-donating partners, such as NADH or ferrodoxin and ferrodoxin reductase, cannot repair the metabolic activity.
The N terminus of SCC is required for mitochondrial import, while the C terminus is necessary for interaction with the TIM23 complex. Once the C terminus is integrated, SCC associates with Tim50, which is already integrated. Co-IP experiments showed that C-10 SCC interacted with Tim50, although it had reduced activity. These experiments suggest that C-10 SCC failed to interact with the translocase complex strongly, impacting its activity due to altered folding. Examination of SCC folding shows that (i) O. . .C and (ii) H. . .N bond formation is on the planar level, leaving the possibility of rapid changes in conformation facilitated by proton transport from the matrix to the IMS. The model also suggests an inversion at nitrogen with proton transfer that continues strengthening the nascent N-H as well as further nitrogen movement with the cleavage of the N-C bond and C-O formation. Thus, the protein complex rather than an individual component acts together to regulate steroidogenesis. Once the C terminus of SCC is inserted into the TIM23 complex, the loop of amino acids 141 to 146 can freely interact with Tim50. Although the electron transport system is the microenvironment for metabolic reactions, the global environment facilitates the formation of the TIM50 complex and its association with SCC. The activation is supported by the influx of H ϩ from the matrix to the IMS.
The basic residues on the surface of SCC formed ␣-helix complex and can provide long-range electrostatic steering for the recognition (guiding) of Adx, because a dipole moment of Adx does not contribute to electrostatic interactions (39) . This notion supports the view of maintaining the ligand, Tim50, such that electrostatic interactions can function in precollisional orientation, leading to encounters with complexes with multiple geometries of similar free energy required for efficient electron transfer (40) . Being present at the IMS with the influx of H ϩ ions, the complex should be in a dynamic state, as the proximal surface of SCC can accommodate only one molecule of Adx. Furthermore, the electron transfer properties of the Adx-SCC fusion (17) proteins suggest that formation of the quaternary SCC complex with Adx is also unlikely. Tim50 may also bind to the same site on the proximal surface of SCC. Thus, the activity of the complex may be dependent on Tim50.
The Tim50 crystal structure revealed a large open fold exposed to the IMS while associated with the TIM23 complex (10) . SCC also needs to be transported in an unfolded state from the matrix to the IMS. In the presence of succinate, the protein remained unfolded and imported and was proteolyzed faster at 37°C. Thus, the formation of the SCC-Tim50 complex is facilitated due to similar interaction conditions. Tim23 regions at the IMM leave open the possibility of reversible changes in response to changes in the Δ and also to the presence of structural rearrangements within the assembled TIM23 complex (41) , where the SCC C-terminal end of the hydrophilic region (41) is possibly available for interaction with Tim23. As a result, the interaction is weaker with Tim23 than Tim50. Tim50 remains exposed at the IMS and H ϩ ions from the matrix, resulting in interaction with the newly transported active SCC at the IMS.
In summary, we show here that mitochondrial metabolic activity is regulated by altering translocase and steroidogenic protein complex formation. Furthermore, the complete mitochondrial import of SCC is necessary for its association with the TIM23 complex, and the C terminus of SCC participates in complex formation. SCC is present not only in steroid producing cells but also in nonsteroidogenic and neuronal cells; thus, SCC function may be important for a wide range of metabolic action.
MATERIALS AND METHODS
Cell culture. Mouse Leydig MA-10 cells were cultured in Weymouth media (Sigma, St. Louis, MO) in the presence of 1ϫ L-glutamine, 10% horse serum, and 5% fetal bovine serum (FBS). Money kidney (COS-1) cells were cultured in Dulbecco's modified Eagle's medium with high glucose supplemented with 10% FBS and penicillin-streptomycin. For transfection experiments, Lipofectamine or Oligofectamine (Thermo Fisher) was used as previously described (19, 42, 43) .
Isolation of mitochondria. Mitochondria were isolated from MA-10 cells or tissues by differential centrifugation as described previously (43) . Mitochondrial pellets were resuspended in a 1:1 mix buffer on ice and incubated with 10 mM HEPES (pH 7.4) for 5 min. Mitoplasts were prepared by solubilizing the outer mitochondrial membrane (OMM) in 1.2% (wt/vol) digitonin. Mitochondria were centrifuged at 10,000 ϫ g for 20 min. The OMM fraction was centrifuged at 130,000 ϫ g for 1 h to separate unimported SCC from the pellet membranes. IMM and matrix fractions were prepared by treating mitoplasts with 0.16 mg of nonionic Lubrol per mg of mitochondria, followed by ultracentrifugation at 130,000 ϫ g for 1 h. The soluble fraction was referred to as the matrix and the insoluble part as the IMM, although it should be noted that this fraction also contains some IMS components. The matrix fraction (supernatant) was removed, and the membrane pellet was resuspended in 1:1 mix buffer and kept on ice. The volume of the supernatant was measured and the membrane pellet was resuspended in 1:1 mix buffer (43) .
Adrenals and testes from our experimental animals were collected immediately after sacrifice. Tissues were diced in an ice-cold mitochondrial isolation buffer containing 250 mM sucrose and separated by centrifugation at 3,000 rpm, and the supernatant was centrifuged at 10,000 rpm. The pellet was processed for mitochondrion purification or separation of compartmental fragmentation as described for the MA-10 cells.
In vitro synthesis and processing of the precursor protein with different mitochondrial fractions. The full-length precursor SCC or the chimeric cDNA constructs were translated in a cell-free rabbit reticulocyte system (CFS) in the presence of 35 S-labeled methionine by following the manufacturer's instructions (Promega, Madison, WI). Freshly isolated mitochondria or mitochondrial fractions were incubated with the 35 S-labeled precursor SCC. To confirm that the unimported form is not aggregated, we performed ultracentrifugation of the CFS at 144,000 ϫ g before incubation with mitochondria. Partial proteolysis was performed with proteinase K (PK) and trypsin independently, with concentrations varying from 10 g to 250 g. An equal volume of matrix and membrane fractions was used in each reaction. As the membrane pellet was resuspended in a volume equal to that of the matrix fraction (supernatant), the amount of each fraction added to a processing reaction represents the ratio found in the mitochondria. Import efficiency was also measured in the presence of the protease inhibitors PMSF (2 mM), EDTA (2 mM), and orthophenanthroline (OPT) (2 mM) for 30 min on ice prior to the addition of the 35 S-labeled precursor. Import was stopped by addition of 2ϫ SDS sample buffer, and then the sample was immediately transferred to a boiling water bath for 10% SDS-PAGE analysis.
Mitochondrial viability analysis. We determined mitochondrial viability by following a recently developed procedure (19) . In brief, mitochondrial membrane responsiveness was determined using an ATP assay system bioluminescence detection kit (ENLITEN; Promega) with a luminometer (Veritas microplate luminometer; Turner Biosystems, Sunnyvale, CA) by following the manufacturer's protocol. ATP production was inhibited by incubation of MA-10 cells with various concentrations of carbonyl cyanide m-chlorophenyl hydrazone (mCCP) for 1 h by following our previously described procedure (42) . Tim50 knockdown experiments were performed with three different siRNAs, where siRNA1 (5=GGACAU CUCCUGUCUGAAUtt3= and 5=AUUCAGACAGGAGAUGUCCtt3=), siRNA2 (5=GCAUCGUCUAUAUUUUUGG tt3= and 5=CCAAAAAUAUAGACGAUGCtg3=), and siRNA3 (5=GGGACAUCAUGAAGGACtt3= and 5=GUCCUU CACAUGAUGUCCCtc3=) were independently transfected to cells with Oligofectamine (Thermo Fisher) (43) . The knockdown efficiency was determined by staining with Tim50 antibody. The efficiency of the most active siRNA1 was further verified against a negative siRNA by following the previously determined procedure (25) .
Computational modeling of P450scc and Tim50. Amino acid and nucleotide sequences were retrieved from the Swiss-Prot database (44) . We next performed modeling using the PyMOL molecular graphics system (version 1.3; Schrodinger, LLC) as described before (45) . The human SCC crystal structure (PDB entry 3N9Y) was used to determine the interaction with mouse Tim50 (46) . Human Tim50 (PDB entry 3QLE) was used for the site-directed mutagenesis because of extensive homology between human and mouse.
Statistical analysis. The analysis for significance of the difference between corticosterone observed in the different groups of mice, measured at different temperatures, was done in the RStudio software package. The statistical test, one-way analysis of variance (ANOVA), was performed to compare means of different groups or samples to confirm significant differences in different experimental groups. The ANOVA test produced an F statistic, which is the comparison of the difference or variance found between the groups to the variation within the groups. The P value was also determined as true difference between the groups to confirm any significant difference in the corticosterone synthesis dependence on temperature.
Metabolic conversion assays. Viable mitochondria from murine adrenals or steroidogenic MA-10 cells (300 g) were incubated in phosphate buffer for metabolic conversion experiments. For the [ 3 H]pregnenolone-to-progesterone conversion assay, 3 ϫ 10 6 counts of [ 3 H]pregnenolone were used for each reaction, which was chased with 30 g of cold unlabeled progesterone (47) . The metabolic reaction was initiated by NAD at 37°C with continuous shaking for 4 h. For [ 14 C]cholesterol-topregnenolone conversion, 80,000 counts of [ 14 C]cholesterol were used for each reaction and chased with 20 g of unlabeled cholesterol. For cholesterol-to-pregnenolone conversion, the reaction was initiated with NADPH and incubated at 37°C with continuous shaking for 3 h. Trilostane (Trilo or Tril) was added to inhibit progesterone synthesis. To ensure complete conversion, we used a 5-fold excess of cold carrier in order to reach the saturation point. The steroids were extracted with ether-acetone (9:1, vol/vol), and equal amounts of a cold pregnenolone-progesterone mixture or cold cholesterol-pregnenolone mixture in CH 2 Cl 2 was added as a carrier. The extracts were concentrated under a stream of nitrogen and then separated by thin-layer chromatography (Whatman, Sigma). Steroids were further characterized by LC-MS analysis as described before (25) .
Western blot analysis. Purified protein or total cell lysate (12.5 g) was separated by 15% SDS-PAGE and transferred to a polyvinylidene difluoride membrane (Millipore, Billerica, MA). After blocking with 3% nonfat dry milk for 45 min, the membranes were probed overnight with the primary antibodies at 4°C and then incubated with the peroxide-conjugated goat anti-rabbit IgG, anti-mouse IgG, or anti-donkey IgG (Pierce, Rockford, IL) as needed. Signals were developed with a chemiluminescent reagent (Pierce) and developed on a X-ray film.
Co-IP analysis. Specific antibodies were preincubated with protein A-Sepharose CL 4B (0.5 g/l; Amersham Biosciences, Sweden) in 100 l of 1ϫ co-IP buffer (1% Triton X-100, 200 mM NaCl, and 0.5% sodium deoxycholate). After mixing for 2 h at 4°C, the beads were washed with 1ϫ co-IP buffer five times and then incubated again with rabbit IgG control antibody (Sigma) for 1 h. After another wash series, freshly isolated mitochondrial pellets (25 mg/sample) were resuspended with ice-cold lysis buffer (20 mM Tris-HCl, pH 8.0, 137 mM NaCl, 10% glycerol, 1% Triton X-100, 2 mM EDTA) at 4°C for 15 min. Insoluble material was removed by ultracentrifugation (30 min at 100,000 ϫ g). The supernatants were incubated overnight at 4°C in the presence of antibodies prebound to protein A-Sepharose beads. After washing with 1ϫ co-IP buffer and 10 mM HEPES (pH 7.4), the protein A-Sepharose pellets were resuspended and vortexed with 100 mM glycine (pH 3.0) for 10 s. After addition of a pretitrated volume of 1.0 M Tris (pH 9.5), the beads were separated from the soluble material by centrifugation at 2,000 ϫ g for 2 min. The supernatants (immune complexes) were analyzed by Western blotting.
EM. MA-10 cells (6 ϫ 10 6 ) were washed with phosphate-buffered saline (PBS), gently scraped in the presence of PBS, and transferred to 50-ml plastic disposable Corning tubes. After centrifugation at 3,500 rpm (Beckman Allegra 22R and rotor F630) for 10 min, the cells were fixed in 4% paraformaldehyde and 0.2% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, dehydrated with a graded ethanol series through 95%, and embedded in LR white resin. Thin sections of mouse hippocampus or the patient's testis of 75-nm thickness were cut with a diamond knife on a Leica electron microscopy (EM) UC6 ultramicrotome (Leica Microsystems, Bannockburn, IL) and collected on 200-mesh nickel grids. The sections were blocked in 0.1% bovine serum albumin (BSA) in PBS for 4 h at room temperature (26°C) in a humidified atmosphere and incubated with Tim50 (1:100), SCC (1:1,000), Tim23 (1:100), and StAR (1:1,000) antibodies in 0.1% BSA overnight at 4°C. The room temperature was 26°C unless otherwise stated. The sections were washed with PBS and floated on drops of anti-primer-specific ultrasmall (Ͻ1.4 nm) Nanogold reagent (Nanoprobes, Yaphank, NY) diluted 1:2,000 in 0.1% BSA in PBS for 2 to 4 h at room temperature. After PBS and deionized H 2 O washes, the sections were incubated with HQ Silver (Nanoprobes) for 8 min for silver enhancement, followed by washing in deionized H 2 O.
For double immunolabeling, section of the patient's testis and mouse hippocampus were first labeled with Tim50, Tim23, and StAR antibodies overnight at 4°C, followed by incubation with primary specific Nanogold and then silver enhanced. The sections were then incubated with the SCC antibody (1:2,000) and then primary specific Nanogold and silver enhanced. Because of the silver enhancement of the gold particle labeling, the first primary antibody was enhanced for twice as long as the gold particles labeling the second primary antibody, producing two different sizes of gold particles. After a final wash, the grids were stained with 2% uranyl acetate in 70% ethanol to increase the contrast. The grids were washed with deionized H 2 O and air dried. The large gold particles were an average of 55 nm in diameter, with 90% of the gold particles being between 45 and 65 nm in diameter. The small gold particles were an average size of 15 nm, with 90% of the gold particles being Ͻ25 nm in diameter. All sections were observed in a JEM 1230 TEM (JEOL USA, Peabody, MA) at 110 kV and imaged with an UltraScan 4000 charge-coupled device (CCD) camera and First Light digital camera controller (Gatan, Pleasanton, CA).
Mass spectrometry. Select PAGE bands were excised for analysis by tryptic digestion followed by LC-MS/MS. The extracted peptides were analyzed on a nanoAcquity UPLC (Waters, Milford, MA) coupled to a Waters Q-TOF Premier mass spectrometer using a Waters nanoAcquity column (3-m dC 18 column, 100-Å pore size, 75-m inner diameter [ID] by 15 cm; Atlantis) and a Waters Symmetry column (5-m C 18 , 180-m ID by 20 mm) as the loading and desalting columns. The peptides were separated using a linear water-acetonitrile (containing 0.1% formic acid) gradient from 1% to 60% acetonitrile over a 40-min period. Peak lists were generated using Waters ProteinLynx Global Server software with protein identification via Mascot MS/MS Ion Search at www.matrixscience.com.
Animal modeling. Male Sprague-Dawley (SD) mice of ϳ10 weeks of age were purchased from Harlan/Sprague-Dawley (Indianapolis, IN), maintained in a pathogen-free facility, and allowed free access to food and water. All of the animals were placed on a standard chow diet (AIN93G; Harlan Teklad Global Diets) for 4 weeks prior to the experiment. The experimental procedure was approved by the Institutional Animal Care and Use Committee (IACUC number A1406011; 8 September 2014). The animals were randomly divided into two groups (n ϭ 6/group): (i) control animals exposed to ambient air at room temperature and (ii) animals exposed to 4°C, 10°C, 22°C, 30°C, and 37°C for 4 h and sacrificed immediately after their incubation time. The adrenal and testicular tissues were immediately excised following sacrifice, rinsed in ice-cold buffer, and processed for metabolic conversion immediately, processed for histological analysis by fixing with formalin, or processed for transmission immunoelectron microscopy experiments immediately.
Determination of corticosterone levels. Blood samples were collected from each mouse. We collected approximately 50 l of blood within 2 min after each animal was sacrificed through a heart puncture. Blood samples were immediately transferred on ice and centrifuged at 3,000 ϫ g at 4°C for 5 min. The serum was separated, aliquoted in 2-l volumes, and stored at Ϫ80°C. The total corticosterone concentrations were analyzed with a commercially available 125 I-corticosterone radioimmunoassay kit (MP Biomedicals, Orangeburg, NY) (sensitivity, 3 ng/ml) according to the manufacturer's instructions.
Proteolytic digestion experiments. Proteolytic digestion experiments were performed at 4°C using various concentrations of PK (Sigma) in the presence and absence of 0.25% digitonin. The reactions were terminated by the addition of an equal volume of SDS sample buffer containing 2 mM PMSF and then incubating in a boiling water bath. After electrophoresis, the samples were processed for Western blotting using the indicated antibodies.
[ 35 S]methionine-labeled protein was synthesized following cell-free synthesis (CFS) using a rabbit reticulocyte system by following the manufacturer's procedure (Promega). Ribosomes and their associated polypeptide chains were removed by centrifugation at 150,000 ϫ g for 15 min at 4°C as previously described (25) . The reaction was stopped by addition of 2ϫ SDS buffer, followed by boiling in a water bath. The samples were analyzed by SDS-PAGE, fixed in methanol-acetic acid (40:10), dried, and exposed to a phosphorimager screen (digital autoradiography; Molecular Dynamics/GE Healthcare).
In vitro cross-linking. Isolated mitochondrial fractions were incubated with various concentrations of BS3 (Thermo Fisher) solubilized in PBS. The reactions were terminated either by transferring them on ice and by the addition of approximately 10 l of 1.0 M Tris buffer, pH 9.0. The cross-linked cells were collected by centrifugation at 3,000 rpm, and organelle fractionation was performed by following a standard procedure previously described (25, 48) . Figure preparation and data analysis. The images were obtained from the autoradiogram or scanning through a phosphorimager, and the data analysis was performed using Origin software (OriginLab Corporation, Northampton, MA), Kalidagraph, or Microsoft Excel. The figures were prepared from the same autoradiogram or from two different autoradiograms where the experiments were performed at the same time.
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